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CCD in Tak1osx mice. (A) Sections were taken from the sagittal suture as indicated and stained for TAK1 expression by immunohistochemistry. 
The osteogenic front (OF) and sutural mesenchyme (SM) are labeled. Original magnification, ×100. (B) Ossification of Tak1osx and Tak1+/osx skulls 
was analyzed by μCT and the 3D reconstruction displayed. Images are representative of more than 8 mice per genotype (left). Plain film x-rays 
and pictures of Alizarin red/Alcian blue–stained skeletal preps demonstrating clavicular hypoplasia in Tak1osx mice. Images are representative of 
more than 8 mice per genotype (right). Arrowheads indicate the clavicle. (C) Femurs from female Tak1fl/+, Tak+/osx, and Tak1osx mice were ana-
lyzed by μCT 3D cortical reconstructions of the trabecular bone (left) and midshaft cortical bone (middle). Quantitative parameters are displayed 
in the right panel: bone volume/total volume (BV/TV), trabecular number per cubic millimeter (Tb.N), trabecular thickness (Tb.Th), and cortical 
thickness (C.Th). *Significant difference by Student’s t test, P < 0.05; **P < 0.005.
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Figure 2
Phenotype of Tak1osx osteoblast mice. (A) Calvaria and tibias were isolated from female Tak1fl/fl and Tak1osx mice, RNA extracted, and analyzed 
by quantitative PCR. The value of each sample is indicated with a circle and the average value of each group indicated with a red line. Alp, Ocn, 
Osx, Runx2 (Rx2), Col1, noggin (Nog), sprouty2 (Spry2). Calvarial Alp, Ocn, Osx, and Col1 and tibial Alp, Ocn, and Osx showed statistically 
significant changes by Student’s t test (P < 0.05) (left). Primary CalvOb were isolated from Tak1fl/fl and Tak1osx pups and immunoblotted with anti-
bodies specific to Runx2, TAK1, and GAPDH (right). (B) Sections from Takfl/fl and Tak1osx mice were analyzed for the expression of the indicated 
genes by in situ hybridization. The signal is viewed as black over an H&E-stained background. Original magnification, ×100. (C) Tak1fl/fl CalvOb 
were infected with vector or cre lentivirus, and expression of TAK1 was analyzed by immunoblotting with anti-TAK1 antibody. (D) Tak1fl/fl CalvOb 
infected by vector or cre lentivirus (left) were cultured for 6 days under differentiation conditions, and ALP activity was analyzed by colorimetric 
assay. WT CalvOb expressing WT or catalytically inactive (CI) TAK1 (right) were similarly analyzed. Values are mean + SD. (E) Tak1fl/fl CalvOb 
infected by vector, cre, or TAK1-CI–expressing lentivirus were analyzed for Fast Blue staining for ALP activity (left) or Von Kossa staining for 
mineralization activity (right). Original magnification, ×25. (F) RNA levels of the indicated genes were analyzed by quantitative PCR on Tak1fl/fl 
CalvOb infected by vector or cre lentivirus. Values are mean + SD.
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Impaired Runx2 activity in the absence of TAK1. (A) Primary CalvOb were isolated from Tak1fl/fl and Tak1osx pups, infected with vector, Myc-Runx2, or 
WT TAK1-expressing lentiviruses, and cultured for 6 days under differentiation conditions. Expression of Myc-Runx2 (upper) and TAK1 (lower) was 
analyzed by immunoblotting with anti-Myc antibody and quantitative PCR. (B and C) CalvOb expressing Myc-Runx2 or WT TAK1 were cultured for 6 
days under differentiation conditions and ALP activity was analyzed by colorimetric assay (B) and Fast Blue staining (C). Original magnification, ×25. 
Values are mean + SD. (D) Primary CalvOb were isolated from Tak1fl/fl and Tak1osx pups, infected with vector or Myc-Runx2–expressing lentiviruses, 
and cultured for 6 days under differentiation conditions. Quantitative PCR analysis was performed for the indicated genes. (E) Tak1fl/fl CalvOb were 
infected by vector or cre lentivirus together with Myc-Runx2–expressing lentivirus. 2 days after transduction, cells were transfected with OG2-luc and 
Renilla luciferase vectors; 6 days later, luciferase activity was determined. Results were normalized to a Renilla control. Expression of Myc-Runx2 was 
analyzed by immunoblotting with anti-Myc antibody (upper). Values are mean + SD. (F) Tak1fl/fl CalvOb were infected by vector, cre, or TAK1-CI lenti-
virus as above, transfected with OG2-luciferase, and stimulated with BMP2/7. Results were normalized to a Renilla control. Values are mean + SD.
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Impaired p38 MAPK pathway activation in TAK1-deficient osteoblasts. 
(A) Tak1fl/fl CalvOb were infected by vector or cre-expressing lenti-
virus and cultured under differentiation conditions in the absence or 
the presence of BMP2/7 (50 ng/ml). ALP activity and mineralization 
were analyzed by colorimetric assay (upper) and Von Kossa stain-
ing (lower), respectively. Values are mean + SD. (B) Tak1fl/fl CalvOb 
infected by vector or cre lentivirus were serum starved for 12 hours 
before BMP2/7 (100 ng/ml) stimulation at different time points. Cell 
lysates were then immunoblotted with the indicated antibodies. (C) 
Immunohistochemistry showing phosphorylation levels of MKK3/6 and 
p38 in a coronal section of the calvarium of Tak1fl/fl and Tak1osx mice. 
(D) Primary WT CalvOb were cultured under differentiation conditions 
in the absence or the presence of the p38 inhibitor, and then ALP activ-
ity was analyzed by colorimetric assay (upper) and Fast Blue staining 
(lower). Values are mean + SD. (E and F) Human MSCs were infected 
with vector, MKK6-glu, or MKK6-K82A and cultured under osteoblast 
differentiation conditions; then ALP activity and mineralization were 
analyzed by colorimetric assay and Von Kossa staining, respectively 
(E). Alternatively, cells were cultured under osteoblast differentiation 
conditions in the presence of DMSO, MEK1/2, JNK, or p38 inhibitor 
(F). Values are mean + SD. Original magnification, ×100.
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Figure 5
Low bone mass and/or defective calvarial mineralization in Mkk3–/–Mkk6+/–, p38 inhibitor–treated, p38α-deleted, or p38b–/– mice. (A, C, D, 
and E) Skulls from Mkk3–/–Mkk6+/– (A), p38 inhibitor–treated (C), p38α-deleted (D), or p38b–/– mice (E) were analyzed by μCT. The p38 
inhibitor (SB203580) and mice with lentiviral cre-induced p38α deletion were treated with the inhibitor or infected starting at P2 and ana-
lyzed on P9. Other mice were analyzed at P4. cre recombinase expression in calvaria of p38α pups was analyzed by immunoblotting with 
anti-EGFP antibody. Images are representative of more than 8 mice per genotype or treatment. Images from females are shown. (B, F) 
Femurs from female Mkk3–/–Mkk6+/– and p38b–/– mice were analyzed by μCT. Displayed are 3D reconstructions of trabecular bone (upper 
left), midshaft cortical bone (lower left), and BV/TV, trabecular number, trabecular thickness, and cortical thickness parameters. Values are 
mean + SD. *Significant difference by Student’s t test, P < 0.05; **P < 0.0005.
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Defective osteoblast differentiation in MKK3/6 and p38α/β-deficient 
cells. (A) BMSCs were isolated from WT and Mkk3–/–Mkk6+/– mice and 
cultured under differentiation conditions; then ALP activity and miner-
alization were analyzed by colorimetric assay/Fast Blue staining and 
Von Kossa staining, respectively (left). Alternatively, total RNA was 
extracted for RT-PCR analysis (right). Values are mean + SD. Original 
magnification, ×25. (B) Primary CalvOb were isolated from p38afl/fl pups, 
infected by vector or cre lentivirus, and cultured under differentiation 
conditions. ALP activity was analyzed by colorimetric assay and Fast 
Blue staining (left). Alternatively, total RNAs were extracted for quantita-
tive PCR analysis (right). Inducible deletion of p38α was analyzed by 
immunoblotting with anti-p38α antibody. Values are mean + SD. (C) 
Primary CalvOb were isolated from p38b+/+ and p38b–/– pups and cul-
tured under differentiation conditions; then ALP activity was analyzed 
by colorimetric assay and Fast Blue staining (upper). Alternatively, total 
RNAs were extracted for quantitative PCR analysis (lower). Values are 
mean + SD. (D) p38b+/+ and p38b–/– CalvOb were infected by lentivi-
ruses expressing control (con), p38α (Sh1), or mock (Sh2) shRNA and 
cultured under differentiation conditions; then ALP activity was analyzed 
by colorimetric assay. Values are mean + SD. (E) Primary WT CalvOb 
were cultured under differentiation conditions, and total RNAs were 
extracted at day 0, 10, and 20 for quantitative PCR analysis. (F) Primary 
WT CalvOb were cultured under differentiation conditions. Cells were 
lysed, immunoprecipitated with anti-phospho p38 antibody and protein A 
agarose, and immunoblotted with the indicated antibodies.
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TAK1-mediated p38 MAPK pathway regulates Runx2 activity. (A) Tak1fl/fl and Tak1osx CalvOb were infected by vector or Flag-tagged MKK6-
glu– or MKK6-K82A–expressing lentiviruses, and ALP activity was analyzed by colorimetric assay and Fast Blue staining (left). Alternatively, 
total RNAs were extracted for quantitative PCR analysis (right). Original magnification, ×25. Values are mean + SD. (B) C2H10T1/2 cells were 
transfected with OSE2-luc and Renilla luciferase vectors together with either vector, MKK6-glu, or MKK6-K82A in the absence or the presence of 
Runx2 (left) or various combinations of Runx2, p38α, and MKK6 (right). Results are expressed as relative luciferase activity normalized by Renilla 
control. Values are mean + SD. (C) The interaction of p38 MAPKs with Runx2. HEK293 cells were transfected with Myc-Runx2 together with 
Flag-p38 proteins. Lysates were immunoprecipitated with anti-Flag–conjugated beads and immunoblotted with anti-Myc antibody (left). Alterna-
tively, immortalized osteoblasts were immunoprecipitated with either IgG or anti-Runx2 antibody and protein A agarose and immunoblotted with 
anti-p38 antibody (right). (D) p38-induced phosphorylation of Runx2. Recombinant p38α and p38β proteins were mixed with GST, GST-Runx2, 
or GST-ATF2 protein, and p38 kinase activity was analyzed by in vitro kinase assay. (E) Primary p38afl/fl CalvOb were infected with either vector 
or cre lentivirus (left), and Tak1fl/fl CalvOb were infected with either vector or cre lentivirus together with Myc-Runx2–expressing lentivirus (right), 
metabolically labeled with (P32) orthophosphate, and then immunoprecipitated with either anti-Myc antibody (left) or anti-Runx2 antibody (right). 
Expression of Myc-Runx2 and Runx2 protein was analyzed by immunoblotting with antibodies specific to Myc and Runx2.
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Given this evidence that p38α  is a physiologic mediator of 
Runx2  phosphorylation,  we  performed mass  spectrometry 
analysis to identify the sites of phosphorylation. HEK293 cells 




































Mapping the p38 phosphorylated residues in Runx2 and their functional consequences. (A) Schematic diagram showing Runx2 phosphoryla-
tion sites by the p38 MAPK pathway. (B) C3H10T1/2 were transfected with either vector, WT Runx2, or mutant Runx2 constructs harboring the 
indicated mutations, the OSE2 luciferase reporter, and either vector or p38α and MKK6. Results are expressed as relative luciferase activity 
normalized by Renilla control. Values are mean + SD. (C) Primary Tak1fl/fl CalvOb were infected with either vector or cre lentivirus together with 
Myc-Runx2–expressing lentivirus. Nuclear extracts were immunoprecipitated with either IgG or anti-CBP antibodies and protein A agarose and 
immunoblotted with anti-Myc antibody. Expression of Myc-Runx2 protein was analyzed by immunoblotting with anti-Myc antibody. (D) Human 
mesenchymal stem cells were infected with lentiviruses encoding Runx2-WT or Runx2-3SA and cultured under osteoblast differentiation condi-
tions. After 6 days, osteoblast differentiation was analyzed by a colorimetric assay (upper) or fast blue staining (lower) for alkaline phosphatase 
activity. Original magnification, ×25. For the colorimetric assay, Runx2-WT was compared with Runx2-3SA via an unpaired Student’s t test. 
*P < 0.0005. (E) A schema depicting the TAK1/MKK3/6/p38/RUNX2 axis in osteoblasts.
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Mass spectroscopy analysis of Runx2 tryptic digestion fragments
Phospho site Vector p38α MKK6-glu+p38α
S14/S17 RRFS*PPSS RRFS*PPSS RRFS*PPS*
 SLQPGKM SLQPGKM SSLQPGKM
S280 RQAQSS*P RQAQSS*P RQAQSS*P
 PWSYDQS PWSYDQS PWSYDQS
 YPSYLSQM YPSYLSQM YPSYLSQM
 TSPSIHSTT TSPSIHSTT TSPSIHSTT
 PLSSTRG PLSSTRG PLSSTRG
S261 KLDDSKPS KLDDSKPS KLDDSKPS
 LFSDRLSD LFSDRLSD LFSDRLS*D
 LGRI LGRI LGRI
S298 QMTSPSIH QMTSPSIH QMTS*PSI
 STTPLSSTR STTPLSSTR HSTTPLSST
 G G RG
S451 YQFPMVP YQFPMVP YQFPMVP
 GGDRS*PS GGDRS*PS GGDRS*PS
 RM RM RM
HEK293 cells were transfected with vector, p38α, or MKK6-glu and p38α together 
with Myc-Runx2. Myc-Runx2 was immunoprecipitated and run on SDS-PAGE 
gel; the corresponding band was excised. Trypsin digestion was performed 
and the resulting fragments analyzed by mass spectroscopy. Asterisks indicate 
phosphorylated residues.
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An unexpected function for p38β in vivo. Most surprising of all 























The p38 MAPK pathway mediates Runx2 phosphorylation and activa-






























Cells, plasmids, and antibodies. HEK293 cells (human kidney embryonic 































































































Metabolic labeling and kinase assay. Calvarial osteoblast precursors iso-
lated from Tak1fl/fl neonates were transduced with either control  len-
tivirus or cre-recombinase–expressing  lentivirus and cultured  in  the 
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